BABES-BOLYAI UNIVERSITY
CLUJ-NAPOCA

Faculty of Chemistry
and Chemical Engineering

Ph.D. Thesis Abstract

Béla MIHALY

METAL COMPLEXES OF
9-METHYLADENINE AND
THEOPHYLLINE

Scientific Advisors:

Prof. Dr. Ionel Haiduc

Prof. Dr. Ioan Silaghi-Dumitrescu’

Cluj-Napoca

2013



Scientific committee:

Scientific advisors: Prof. Dr. Ionel Haiduc, Babes-Bolyai University, Cluj-Napoca

Prof. Dr. loan Silaghi-Dumitrescu, Babes-Bolyai University, Cluj-Napoca

President: Prof. Dr. Luminita Silaghi-Dumitrescu, Babes-Bolyai University,
Cluj-Napoca

Reviewer: Prof. Dr. Bernhard Lippert, Technical University Dortmund, Dortmund

Reviewer: CSI Dr. Otilia Costisor, Institute of Chemistry Timisoara of Romanian
Academy, Timisoara

Reviewer: Assoc. Prof. Dr. Edit Forizs, Babes-Bolyai University, Cluj-Napoca

Date of defence: 13 July, 2013



Table of contents

ACKNOWIEAZEIMENTS ......eiiiiiiiieiie ettt tte et e e st e et eeessbee e aveeeaaeeenseeennneas 9
Aims and outline of this theSiS........c.ccoiiiiiiiiiiiiee s 11
Chapter I. Metal-DNA interactions. Literature SUIrvVey .........ccceeeeuieeeieeenieeesieeeieeeeneee e 13
1. Introduction to the chemistry of nucleobases and their derivatives. General aspects ..... 13
1.1. Overview on the nucleobase coordination chemistry. Purine bases............ccccceveenneee. 13
L2, LAZANMAS. .ttt ettt ettt st e et e et e et e st e e bt eenbe e teeenbeenbeeenneensaens 15
1.2.1. Adenine deTIVALIVES ......ceuieiiiiiiieiieeieeeiie ettt sttt ettt et eaeeas 15
1.2.1.1. 9-Methylad@nine ..........c.eeeiieiiieiiieiiecie ettt ettt et eaae s 16
1.2.2. Xanthine deriVatIVES .........coiuieiiiiiieiie ettt ettt ettt e s e 16
1.2.2. 1. TREOPRYIINE ....eoeiieiiieeiie et ettt st e e e snaeensaens 18
1.3, TAULOMMETISIIL ..ttt ettt et ettt e bt e et et e st e e bt e eabeesbeesabe e bt e enbeenbeesateens 18
1.3.1. Tautomerism of 9-methyladenine...........cccceeviieiiiriiiiniiiiieieeeeee e 19
1.3.2. Tautomerism of methylxanthines ............cccceeeiiiieriiiieciieceeeeee e 20
1.4. Metalated nUCIEODASES .......cc.eeiuiriiiiiiiiiieeiee e e 20
2. Structural types of purine base COMPIEXES......cccvreeruiiiriiieiriieeeiie et 23
2.1. Mononuclear metal binding modes of 9-methyladenine .............cccceverieniincniincnnen. 24
2.1.1. Mononuclear metal COMPIEXES .....ccuvieeruiieiiiieeiiieeiiee et eeeeeiee e seeeeeree e e e eree e 25
2.1.1.1. Coordination at NI dONOT QtOM.........cceeevierieeieeriieeieeniieeteeieeeaeesiee e eaeeseneenneens 25
2.1.1.2. Coordination at N7 dONOT @tOM........cccueiiiieriieeiieitie ettt eiee sttt eseee e 26
2.1.1.3. Coordination at N3 dONOT QtOM.........ccueeriieruieeiieriieeieeriieeteeieeeteesteesireeseeseneenseens 26
2.1.1.4. Coordination at the exocyclic N6 donor atom ...........ccceeecuveeeiieerieeenieeeeiee e 27
2.1.1.5. Coordination at C&8 QtOM.........cccuieruierieeiieeieeieeniie et esieeeveeaeeeaeeseeeeneeenseesnseenseens 31
2.2. Multinuclear metal COMPIEXES.....uviiiviiieiiiieiie ettt eree e evee e 31
2.2.1. Dinuclear metal COMPIEXES........eeiuiiiiiiiieiiieiiee e 32
2.2.1.1. Coordination at NI,N6 dONOT QOIMS ........uvveeieeeeeeieieieeieeeeeeeeeeeeeeieeeeeeeeeeeeeeeaeeeeas 32
2.2.1.2. Coordination at NI,N7 dONOT atOIMS .........ccccuveieeiiiiieeeeiiieeeeeiiee e e e e e e e eeanaes 33
2.2.1.3. Coordination at NG6,N6 dONOT QOIMS ........uvverieeeeeeieeeeeeeeeeeeeeeeeeeeereeeeeeeeeeeeeeeaaeeeeas 36
2.2.1.4. Coordination at N6,N7 dONOT atOIMS ..........cccuvieeeeiiiieeeeiiieeeeeiieeeeeetree e e e e e 36
2.2.2. Trinuclear metal COMPIEXES ....ccuuiruiiirrieriieiieeieeieeete et et e eaeesteesreesaeeeseesseeenseas 38
2.2.3. Tetranuclear metal COMPIEXES ....cueeeuvieriiiiiiiiiieeiieeee et 41
2.3. Modes of metal binding of theophylline............cceoveeiiiiiiiiiiiiiciee e, 41
2.3.1. Coordination at N7 dONOT atOM..........eeevuiieeiuiieeiiiieeiieeeiieeeteeeereeeeereeesereeeeereeeneseeenes 42
2.3.2. Coordination at N9 dONOT @tOM.........cccuerueerieeriirieniieteeiesieete sttt sieesieenneas 43
2.3.3. Binding at C8 dONOT atOM......cc.ceiuiriiriiiiirienieeteet ettt sttt 44
2.3.4. Coordination at N7 and N9 donor atOmsS............cceereeerieeriierieenieenieenieeneesreesseesenens 45
2.3.5. Coordination at N7 and O6 dOnor atOMS ............ceecuveeeiuireeirireeiieesieeesreeesereeeeeveeeenes 48
2.3.6. Coordination at N7, N9 and O6 dOnor atOMS.........coeeeuuueeeeeeeeeieeeeeieeeeeeeeeeeeeeeieeeeeeeens 48
3. SHUCKUTAl ALA ....viiiiiieciee e et e e e e abeeeareas 49
3.1. Infrared and Raman SPECIIOSCOPY .....cccvierrieruieriieiienieeteesiieeteesseeereesseessseenseeeseesseenns 50
3.2. Nuclear magnetic reSONance SPECIIOSCOPY ....eervvrerreerurerrreerreerueerieeanseeseeeseeseesnseesneens 52
3.3. Electron paramagnetic T€SONAMNCE ..........ccveeveerreerreerieeereesteesseesseesseesseessseesseesssessseenns 53
4. Thermal StUAICS ......ccviieeiieeciie ettt ettt e et e e et e e et e e s aa e e sraeeensaeesasaeeenseeennns 54
RETEIEIICES ...ttt ettt ettt et et e 58
Chapter II. Original contributions on coordination chemistry of 9-methyladenine............. 65
L. ATM O the PIOJECT ...viiiiiiiiiecie ettt ettt e e st eebeeesbeesseessaeensaeas 65
2. Results and DISCUSSION ......ccviiecivieeiiiieeiiieeiieeeciieeeeieeeeiteeeveeeeaeeeseseeesaseeessseeenasesesseeennns 65

2.1. [Pt(NH;3)3(9-MeA-N7)|(C104); (7), and trans-[PtNHz3)2(H20)51(C104) (67) ceveeeonnne... 65



2.2. Synthetic route for precursor mononuclear 9-MeA precursor complexes.................... 66

2.3. [Pt(NH3)3(9-MeA-N7)I(INO3)2 (5) cveereeeneenieeieeiesieeie ettt eee ettt ee st seeens 67
2.4. trans-[(NH3)2Pt[(N1-9-MeA-N7)Pt(NH3)3]21(ClO4)6°2H20 (7) evevveeieiinieiieieeiieeee 70
2.5. Heteronuclear COMPIEXES......cccuvieriiieiiieeiiieeiee et e eireeeieeeeteeesaeeesereeesnaeeesaseeenseeennns 78
3. CONCIUSIONS ...ttt ettt ettt ettt bt bt et sbt et e et esbe e bt enbesbeenbeeaee e 83
4. Experimental SECTION ©.......cccuiieiiiiiiiiiieeiieeeiie ettt etee et e e tae e s aae e e e snreeeenreeennns 83
4.1. Instrumentation and general teChNIQUES...........ccveeiieiiiriiieiieee e 83
4.2. Synthesis of original COMPOUNS ..........eeviuiiiiiiiiiiiie e e e 84
4.2.1. trans-[(NH3)2Pt[(N1-9-MeA-N7)Pt(NH3)312](ClO4)6° 2H20 (7) cveeevevieiiiiiciieieee 85
4.2.2. trans-[(NH3),Pt[(N1-9-MeA-N6,N7)Pt(NH3);3], {Hg(H,0),} 1(ClO4)s (8) and trans-
[(NH3),Pt[(N1-9-MeA™-N6,N7) Pt(NH3)3]2{Cu(H20)2} [(C1O4)6 (9)..eevvemveeeeenerienieeiennne 85
Chapter III. Original contributions on coordination chemistry of theophylline................... 88
L. INEEOAUCTION ...ttt ettt et ettt e st e e sateebeesaaeebeens 88
2. AIM OF the TOPIC ...ieuiiiiieeiieeiieeie ettt ettt et ettt e et e e seeesbeenseeenbeenseassseenseens 88
3. Results and DISCUSSION ......oouiiiuiiiiiiiiiieiieei ettt st eseee e 89
3.1. Coordination compounds with aliphatic MONOAMINES.........ccceerverierieriierienierienieneene 90
3.1.1. [Zn(tp)2(ba),]-2H,0 (10) and [Cd(tp)a(ba)2(H20)2] (11).eeeeieeieiieiieieieieeieeeee 90
3.2. Coordination compounds with aliphatic N,N-chelating diamines..........c..cccccecervennen. 96
3.2.1. [Cu(tp)2(dmen)(H,0)]-H,0O (13), [Cd(tp).(dmen),] (14) and [Zn(tp).(dmen)]-H,O
(1) et bttt h e bttt e ht e bt et e h e bt ettt et e e 97
3.2.2. [Cu(tp)z(tmeda)]-2H,0 (16) and [Cu(tp)2(tmeda)(H,0)]-0.5H,0 (17)................... 104
3.2.3. [Cu(tp)2(dphen)(H20)]-5H20 (I8)...eoueiriiiiieiieiiiieeeeseeeee e 113
3.2.4. [Zn(tp)2(dphen) ] 1.5H20 (19)...eceiiieieeeeeeeeeee et 118
3.3. Coordination compounds with aliphatic triamines .............cceeeceerieeriienreesieenie e, 119
3.3.1. [Zn(tp)2(dien) ] 2Ho0 (20)..c.eeeeieieeiieieeie ettt 119
3.3.2. [Cd(tp)2(dien) ' 2ZHoO (21) .eoveeiieieeiieieeeceeeeeeeee et 126
3.4. Coordination compounds with heterocyclic amines...........ccccveeeveeerieeeriieeniee e 134
341 [Z0(P)2(DPY)] (22) oottt 134
3.4.5. [Cdy(u-0x)(OH)a(tp)2(bpy)2]-2H20 (23) and [Cdy(u-0x)(OH)a(tp)2(phen)z] (24)...139
INTTared SPECIIOSCOPY . uvveeurieiieeiie ettt ettt ettt ettt et e st e e bt e et esseeenseenaeeenne 144
3.5. Coordination compounds with aminoalcohols..............ccceeevierviierienciiiniiciieieeieeee, 145
3.5.1. [Zn(tp)2(ea)2]-H,0 (25) and [Zn(tp)2(pa)2] H2O (26)...eeeveeeiieiiaiieiieeieeieeeee 145
3. CONCIUSIONS ...ttt ettt ettt et st e bt et sbe e bt et saeenbeenteeneenaes 147
4. EXperimental SECTION 2.......ccuvieeuiieeiieeeiieeeieeeeieeeeteeeseteeestteeeeeeessaeesssaeessseeessseeessseeenns 148
4.1. Instrumentation and general teChNIQUES...........cccuierieiiiienieeiieie e 148
4.2. Synthesis 0f COMPIEXES......uieiiiiiiiiiieiiiieeiie ettt et eerre e e e e e e e e eaeeesbeeesbaeens 149
4.2.1. Preparation methods of theophylline compleXes ...........coocuveviiriiieniieiienieeiiee, 149
4.2.2. Synthesis of compounds described in the thesiS..........cccveeviieeiiieiciieeieeceeeiee s 150
APPENDICES ...ttt sttt et sttt st b et 159
APPENDIX A: List of synthesised compounds ............cccceeeeiiieiiiieiiieeniieerie e 159
APPENDIX B: Isotopic envelope of peaks centered at m/z 405.7 and 605.0 of complex 7
............................................................................................................................................ 160
APPENDIX C: The vc-o vibrations of synthesised compounds ...........ccccceevueevieenieennnnnne. 161
APPENDIX D: Supplementary data for X-Ray structure of complexes ...........cccceevennenne. 162
APPENDIX D1. Crystal data and refinement for [(NH3);Pt(9-MeA-N7)[(NO3)z (5)....... 162
APPENDIX D2. Crystal data and refinement for trans-[(NH3),Pt{(N/-9-MeA-N7)
Pt(NH3)3}2](ClO4)6"2H2O (T) weeneieeeeee ettt e 163

APPENDIX D3. Crystal data and refinement for trans-[{Pt(NH3)3(N7-9-MeA-NI, N6)},
Pt(NH3),HZ(H20)2](ClO4)6 (8) cvvveeveeeeeeeeeeeeeeeeeeeeee et senenesenennans 164



APPENDIX D4. Crystal data and refinement for trans-[{Pt(NH;);(N7-9-MeA-

NI1,N6)}2Pt(NH3)2Cu(H20)2](CLO4)6 (9) cvvenveeneeiieieeiieeiiee ettt 165
APPENDIX D5. Crystal data and refinement for [Cd(tp)2(H20)4] (12).ceveevveeiveiiennnne. 166
APPENDIX D6. Crystal data and refinement for [Cu(tp).(dmen)(H,O)]-H,O (13)......... 167
APPENDIX D7. Crystal data and refinement for [Cd(tp)>(dmen);] (14)....cceevvvevrennnne. 168
APPENDIX DS8. Crystal data and refinement for [Cu(tp).(tmeda)]-2H,0 (16)................ 169

APPENDIX D9. Crystal data and refinement for [Cu(tp),(tmeda)(H,0)]-0.5H,0 (17)...170
APPENDIX D10. Crystal data and refinement for [Cu(tp).(dphen)(H,O)]-5H,O (18)....171

APPENDIX DI11. Crystal data and refinement for [Zn(tp)(dien)]-2H,0 (20)................. 172
APPENDIX D12. Crystal data and refinement for [Cd(tp).(dien)]-2H,0 (21)................. 173
APPENDIX D13. Crystal data and refinement for [Zn(tp)2(bpy)] (22) .eecvvevvveevieiiennnnne. 174
APPENDIX D14. Crystal data and refinement for [Cd,(pn-0x)(H2O)2(tp)2(bpy)2]-2H,0 (23)
............................................................................................................................................ 175
APPENDIX D15. Crystal data and refinement for [Cd,(p-0x)(H,0)x(tp)2(phen),] (24) .. 176
List of symbols and abbreviations ...........ccuveeriieeiieeeiieeciie et eeree e e e seaeeeneaee e 177
LiSt Of PUDIICALIONS ....eouviiiiieiieiie ettt ettt ettt et e st eesaae e b e snbeeseeeneeenne 179
| BT A0 i 01O ] 155 ¢SSR SURSUSSRTRR 180
List Of OTal PreSENtAtIONS. ....ccuvieiieiiieiieeieeiie ettt et ite ettt e teeseeeeteesteeenbeessaeenseenaeeenne 181

Articles published concerning this PhD subject (full text) ........cccovveviiiiicieeniieeeieeeies 182



Béla Mihaly Ph.D. Thesis Summary

Aims and outline of this thesis

This thesis deals with the joint uses of theoretical and experimental studies of some
mixed ligand complexes of two model compounds, 9-methyladenine and theophylline.

The dissertation is structured in a first part consisting of a literature survey, followed by
a presentation of the original results and a description of synthetic routes followed for the
preparation of complexes and appendices.

Chapter 1 provides an introduction into the coordination chemistry of nucleobases and
their derivatives, followed by a short description of the ligands, and presenting the wide variety
of binding modes of 9-methyladenine and theophylline ligands to metal ions.

The following chapters are intended to present the original results on coordination
chemistry of 9-methyladenine (Chapter 2) and theophylline (Chapter 3). In the present work
we have used a variety of techniques in an attempt to elucidate their stereochemistries, being
characterized by infrared and NMR spectroscopy, elemental analysis, Raman spectroscopy and
by thermal methods (TG and DSC). In the near-infrared region of IR spectrum of theophylline
complexes, we have assigned bands to the N-H and C=0 stretching vibrational modes. We have
used these bands to study the behavior of the ligands in their complexes.

In the case of 15 complexes, the geometry assigned is supported by X-ray diffraction, as
well. Hydrogen bonding and outer sphere effects are important here. Solid state effects,
hydrogen bonding, the outer coordination sphere, steric interactions and bonding are being

described.

Keywords
Cadmium(II) complexes, copper(Il) complexes DFT calculations, hydrothermal synthesis,

9-methyladenine, nucleobase, platinum(II) complexes, theophylline, zinc(IT) complexes
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Chapter 1.

Metal-DNA interactions. Literature survey

This chapter is intended to describe the history, principles, recent developments and
perspectives in the field of nucleobase coordination chemistry, which has grown exponentially
during the last decades. The reasons for choosing nucleobases as models for study the
interaction of metal ions with nucleic acids, at the molecular level, are the following: the

products can be synthesized, isolated, purified and characterized more easily.

1. Introduction to the chemistry of nucleobases and their derivatives. General

aspects

The five main natural nucleobases have fascinated the scientists over the last decades,
owing to their role in the structure of nucleic acids, probably the world’s most intriguing, most
studied and most important molecules. This chapter will give an introduction to the chemistry of
nucleobases, and their interactions with metal ions.

The nucleobases are derivatives of two possible ring structures, purine and pyrimidine,
and are numbered according to their parent compound. They are the key components that confer
variability to nucleic acids.

The most common bases are the two purine and three pyrimidine derivatives listed
below: adenine (Ade, A), guanine (Gua, G) (purine bases), thymine (Thy, T), cytosine (Cyt, C)
and uracil (Ura, U) (pyrimidine bases). During the last fourty years, more than 600 metal—
nucleobase complexes have been prepared and crystallographically characterized. In recent
years, the number of crystal structures for metal ions having nucleobases as ligands has
increased dramatically. This can be explained by the structural characteristics of nucleobases: by
allowing extension beyond basic coordination chemistry, larger and more complex molecular
architectures based on the formation of supramolecules (formed exclusively through coordinate
bond formation involving the nucleobases, or those self-assembled through complementary
hydrogen bonding of nucleobases acting as ligands to metal centres) are possible [1].
Architectures based on these systems have a potential for applications due to their useful
properties: acting as hosts for various molecule and ions, displaying optical properties,

providing porous materials or having catalytic activity [1].
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9-Methyladenine
9-Methyladenine contains three endocyclic nitrogen atoms, of which the two principal
co-ordination sites are the N/ and N7 atoms. However, examples in which also other nitrogen
atoms are involved in coordination, are known as well. There are several consequences of
methylation of adenine at N9 position:
— By substitution of the hydrogen atom bonded to N9 atom of adenine, the coordination
properties of other nitrogen donor sites can be explored in more details;
— Coordination of 9-alkyladenines at N7 donor site (e.g. Pt" binding), combined with a
simultaneous coordination at N/, affects the acidity of the exocyclic amino group

(about 10 fold increase of its acidity) [2, 3].

Theophylline

Theophylline is one of the biologically important N-methylated xanthines, which are of
interest to researchers in quite diverse fields of study. It has often been substituted for guanine
in model studies of metal-nucleotide interactions [4, 5]. Transition metal complexes of
theophylline may serve as model compounds for the interaction between metal ions and
oxopurine bases of nucleic acids. The most intensively studied portion of guanine with regard to
metal-DNA interactions is the N7/O6 region, considered to be the primary site of attachment of
platinum antitumor drugs. Theophylline contains four potential binding sites (N7, N9, C6=0 and
(C2=0), while the NI and N3 sites are blocked by the methyl groups. According to previous
studies, theophylline coordinates as a monodentate ligand in neutral media via N9, while in
basic media N7 can become the reactive site, as a result of the formation of tp theophyllinate
anion [6, 7, 8, 9, 10], following removal of the weakly acidic N7-H proton (pK, = 8.5) [11].
Theophylline, like the “basic” nucleobases, is ideally suited as building block for
supramolecular coordination chemistry due to its versatility as ligand. This can be explained by
three major properties: [1]

— The large number of donor sites available for metal binding,

— The hydrogen bonding donor/acceptor sites, and

— The potential for stacking (nm—m or due to electrostatic forces), analogous to that

observed in helical duplex DNA.
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Chapter I1.

Original contributions on coordination chemistry of 9-methyladenine

Aim of the Project

The goal of this work was the synthesis and characterization of a series of mixed-metal
nucleobase complexes containing the trans-[(NH;),Pt[(N/-9-MeA -N7),{Pt(NH3)3},] unit.
First, compounds 9-MeA (1) [12], [PtCl3(9-MeAH-N7)] (2) [13], and [Pt(NH3)3(9-MeA-N7)]Cl,
(), [Pt(NH3)3(9-MeA-N7)|(ClO4)2  (4),  [Pt(NH3)3(9-MeA-N7)[(NOs),  (5)  and
trans-[Pt(NH3)Cl,] (6) [14] were prepared, according to the literature methods.

Therefore, trans-[(NH;),Pt[(N1-9-MeA-N7)Pt(NH3)3]»] (ClO4)6-:2H,O  (7) was
synthesized and characterized both in the solid state and in aqueous solution. The trinuclear
trans-[(NH;3),Pt[(N1-9-MeA-N7)Pt(NH;)3]:](ClO4)s 2H,0O (7) compound was reacted with Hg'-
and Cu'-acetates, yielding complexes of type trans-[(NH3),Pt[(NI-9-
MeA™-N6,N7)Pt(NH3)3],{M(H20),}] (ClO4)s (M = Hg (8), and Cu (9)) were obtained. For all

complexes, the X-ray structures were established.

Results and Discussion

[Pt(NH;3)3(9-MeA-N7)|(C10y); (7), and trans-[Pt(NH;):(H,0),](C104); (6”)

trans-[Pt(NH3),(H20),](ClO4) (6°) was prepared in situ in water from trans-[Pt(NH3),Cl,]
and 2 equivalents of Ag’". Complexes of type [Pt(NH;3)3(9-MeA-N7)]X, (X = ClO,4 (4) or NOs

(5)) were prepared according to Scheme 1.

NH, NH, NH,

@H
1. NaOH/EtOH N ® N

N N HNZ"

> 2. CH3| | \> 2 Hel | \> cl, K2PCle o
2 KCl
N N N\ N
CHj; L CHj|
1
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B NH; | B ]
NH, Cl\ HsN / NH, HaN —
NH, M3~ py 2 Pt

/ ~NH;

NH3 25/0

> > e |

NH4CI -9

CH3 _ L _
2 3 4
Scheme 1

Eventually, the corresponding NO;™ analogue (5) was obtained via activation of the
triammine complex with an aqueous solution of AgNOs.

The reaction between [Pt(NH3)3(9-MeA-N7)]*" and trans-[Pt(H,0)>,(NH;):]*" as
perchlorates and nitrates was performed at a ratio of 2:1, yielding white precipitates. After
recrystallization from water, crystals suitable for X-ray crystallography of the trinuclear
perchlorate salt were successfully isolated. In the crystals of compound 7, two

[Pt(NH3)3(9-MeA-N7)] units are bonded to the central Pt" atom in a head—tail fashion.

[Pt(NH3)3(9-MeA-N7)|(NO3): (5)

The structure of the cation of [Pt(NH;3)3(9-MeA-N7)](NOs); (5) is shown in Figure 1. As
in complex 4, the platinum atom is square-planar coordinated by three NH; ligands and by the
N7-coordinated 9-methyladenine ligand. All four Pt—N distances are essentially identical, while

both N—Pt—N trans angles are slightly smaller (by ca. 0.5° and 2°) than in 4.

e

Figure 1. Structure of [Pt(NH3)3(9-MeA-N7)]2+cati0n of 5

10
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In crystals of 5, the cations and the nitrate ions are connected by a network of N-H:--O
as well as N-H---N hydrogen bonds. In its crystal structure three types of interaction involving
the perchlorate ions can be observed, realized with (a) NHj3 groups, (b), the exocyclic amino
group N6’, and (c), the aromatic protons (at C2 and C8). In contrast to the crystal packing of 4,
where perchlorate anions are present in the proximity of the N/—NG6 sites, the crystal packing of

the nitrate salt shows interbase pairing (see Figure 2).

Figure 2. Crystal packing of [(NH3);Pt(9-MeA)|(NO3)2 (5)

trans-[(NH3),Pt{(N1-9-MeA-N7)Pt(NHs)3}](C104)s-2H,0 (4)

The general synthetic route of the trinuclear complex 4 is presented in the Scheme 2.

a a
_ Pt
a VAERN
a. [/ /t N a
NH, Pt—, —N
/ Me _ NH, a
= N RO _ .2 | NH, a— !
5 N N\ (ClO,), + Pt (Cl0y); ———» N N /a 2 Pt [(ClO4s
k | a OH, -2 H,0 AN Pt / @
X N J/ ONF | N\
\ %
Me - a=NH; k\ N
N \
Me _|
5 6’ 7

Scheme 2

The obtained trinuclear complex 7 was characterized by spectroscopic methods ('H, °C

and '"Pt NMR, IR), elemental analysis and ESI-MS mass spectrometry. Furthermore, the

11
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molecular structure was established by X-ray diffraction and also DFT calculations were

performed as well.

trans- [(NH3)2Pt[(N1-9-MeA-N7)Pt(NH3)3] 2] (C104)6 -2H,0 (7)

Molecular structure of 7, presented in Figure 3, possesses an inversion center (Pt2 atom).

The crystal packing of 7 is shown in Figure 4.

Figure 3. Molecular structure of 7 Figure 4. Crystal packing of 7

In the molecular structure of 4 the two 9-MeA entities bind to transplatin through the N/
donor atoms, adopting a head-tail configuration. The Pt1-N7 and Pt2—N/ bond lengths are 1.99
A and 2.01 A, respectively. Furthermore, the angle between the two vectors Pt2—N1 and Pt1-N7
is 76°. The crystal packing is dominated by short contacts.

Heteronuclear complexes
By reacting the trinuclear complex 7 with two equivalents of M"(OCOMe), in aqueous
solution (Hg" and Cu") complexes trans-[(NH3),Pt[(N1-9-MeA -N6,N7)Pt(NHs)3]»

{Hg(Hzo)z} ](CIO4)6 (8) and trans- [(NH3)2P‘[[(N]-9-MGA7-N6,NDP‘[(NH3)3]2
{Cu(H20)2}1(ClO4)s (9) were obtained. The general reaction route is presented in Scheme 3.

12
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6+ a 6+
N /a —| N/ —|
Pt Pt
7/ N\ VEERN
FN a /:N a \
N \ //
Me— NH, Me— NH=e—p!l
~ /a = N /a
| a  NH, a | a NH a—
N N\ / / a YLl NS N / /Pt\a
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Heteronuclear complexes 8 and 9 were isolated, and their molecular structures were
established by X-ray diffraction, while for the Hg" complex (8) "H NMR spectrum was recorded

as well.

Molecular structures of 8 and 9
From the reaction of the head-tail oriented Pt; parent molecule with MH, the resulted
heteronuclear complexes 8 and 9 (see below) adopt head-head orientation due to the formation

of M—N6 bond (Figure 5).

Figure 5. Molecular structures of 8 (left) and 9 (right)

In the molecular structures of complexes 8 and 9 the two 9-MeA moieties are connected
via the Pt2 and Hg"/Cu" atoms, showing also intermetallic contacts; thus, each structure contain
two five-membered cycles (CN,PtM; M = Hg" and Cu"). The Pt-M interatomic distances are
2.80(7) A (8) and 2.54(1) A (9), respectively, while the Cu-N6 bond lengths (1.92(8) A) are
shorter by ca. 0.12 A than the corresponding Hg—N6 (2.04 (1) A), as expected. As compared to
the parent Pt; cation (7), the Pt2-N/ and Pt1-N7 bond lengths and the Pt2-M-N6 angle shows

no significant differences.

13
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Chapter II1.
Original contributions on coordination chemistry of theophylline

Aim of the Topic

Interactions of metal ions with theophylline may serve as models for describing metal-
DNA interactions, since theophylline can act as a model for guanine and guanosine.

The aim of this subject was to synthesize and characterize transition metal complexes of
theophylline. Our ongoing research was focused on Cu", Zn" and Cd" complexes that consist of
the corresponding metal ions, N7-coordinated theophylline and amines or aminoalcohols acting
as co-ligands and deprotonating agents.

As auxiliary ligands, amines where chosen because the following reasons:

— A basic media is needed for deprotonate the theophylline, and we are able to use them
as base, due their lone pair of electrons localized on N atoms. In the case of
heterocyclic amines (bpy and phen), triethylamine was used for deprotonation of
theophylline;

— They coordinate fairly readily to transition metal ions;

— They can stabilize the compounds formed, by making hydrogen bonds (e.g.
intermolecular hydrogen bonds with the O atoms of theophylline moieties), and by
forming a network of hydrogen bonds with the lattice water molecules, thus,
favouring the formation of crystalline products, from which single-crystals suitable
for X-ray diffraction can be obtained;

— Last but not least, most of them are water soluble, and can be introduced easily in the

aqueous system, thus, avoiding the use of other (more expensive, toxic etc.) solvents.

Results and Discussion

The coordination compounds of theophylline were prepared in good yields via two
different synthetic routes: by classical methods described in the literature, and through
hydrothermal synthesis. In all synthesized compounds, theophylline coordinates through the N7
donor site, confirmed by X-ray measurements for some compounds. The most relevant
information obtained from IR spectra of theophylline complexes are given by the organic
ligands bound to the metal centers, as compared to the free ligands. As described for each

compound, both strong stretching vibration of C6(O) and C2(O) carbonyl groups show negative
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shifts, as result of coordination and the involvement of these groups to intra- or intermolecular
hydrogen bonds [15, 16, 17]. Thus, it can be used for proving the coordination of theophylline
to the metal.

The thermogravimetric curves of synthesised compounds indicate a stepwise
decomposition. First, the water molecules are released (where present), then the co-ligand are
released (e.g. the relatively weakly bonded monoamines), followed by the pyrolysis of the
organic material (e.g. the theophyllinato moieties) leading to a residuum of metal-oxides.

Two major observations can be noticed from the NMR measurements: first, the absence
of the N7H resonance from the 'H-NMR spectrum of the complexes in inorganic solvents
(found at ca. 14 ppm in free theophylline), proving that theophylline coordinates in the
deprotonated form; second, the resonances of protons of CH; groups undergo a chemical shift

due to the changes of the electron density of purine system after coordination.

Coordination compounds with aliphatic monoamines

[Zn(tp)z(ba),]-2H,0 (10) and [Cd(tp)(ba)(H,0),] (11)

Both compounds were obtained as white precipitates by reacting a
theophylline—benzylamine mixture with an aqueous solution of the corresponding metal(II)
acetate. Scheme 4 illustrates the reaction pathway:

[Zn(tp),(ba),]-2H,0O + 2 AcOH

M(OAc), + 2 tpH + 2ba 2 H,0

M =Zn, Cd [Cd(tp),(ba),(H,0),] +2 AcOH

Scheme 4.

Although single-crystals could not been obtained, their most probable molecular
structure are determined by elemental analysis, infrared spectra, thermoanalytical investigations
and NMR spectra.

'H NMR analysis of complex in CDCl; at 400 MHz indicates a 1:1 theophylline :

benzylamine stoichiometry. The 'H spectrum is presented in Figure 6.
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Figure 6. "H NMR spectrum of [Zn(tp)2(ba);]-2H,0 (10) (in CDCl3, at 200 MHz)

Coordination compounds with aliphatic N,N-chelating diamines
Complexes of Zn", Cd" and Cu" with some ethylenediamine derivatives, namely N,N-
dimethyl-ethylenediamine (dmen) and N,N,N’,N’-tetramethyl-ethylenediamine (tmeda) were

synthesised and characterized.

[Cu(tp)2(dmen)(H,0)]-H,O (13), [Cd(tp)2(dmen);] (14) and [Zn(tp)(dmen)]-H,O (15)
The mixed-ligand theophylline complexes of Zn", Cd" and Cu" with N,N-chelating

diamines were prepared by adding an aqueous solution containing the metal salt and amine to a

theophylline—amine aqueous solution (M" : th : amine = 1 : 2 : 2), according to Scheme 4.
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[Cu(tp),(dmen)(H,0)]-H,O + 2 AcOH

H,0

M(OAc), + 2 tpH + n dmen > [Zn(tp),(dmen)]-H,O + 2 AcOH

M=Cu,n=1,x=2
M=7Znn=1,x=1
M=Cd,n=2,x=0

[Cd(tp),(dmen),]| + 2 AcOH

Scheme 4

Bond lengths (A) Bond angles (°)

Cul-N7a 1.997(2) N1-Cul-N7a  92.4(8)
Cul-N7b 1.994(2) NI-Cul-N7b 157.9(8)
Cul-N1 2.080(2) N2-Cul-N7a 174.909)
Cul-N2 2.008(2) N2-Cul-N7b  92.6(9)
Cul-Olw 22092) N7a-Cul-N7b  89.6(8)

Figure 7. Molecular structure of

[Cu(tp)2(dmen)(H,0)]-H,0 (13)

The crystal packing of [Cd(tp)(dmen);] (14) is characterized by the lack of
intermolecular hydrogen bonds, thus, the structure is governed by weak intermolecular C-H---O
(d(H---0) = 2.27 A d(C---0) = 3.25 A, Z(C-H-:-0) = 169.4°) and n—= stacking interactions.

Stacking interaction between rings A and B is of ca. 3.6 A, as shown in Figure 8.

Figure 8. The crystal packing of [Cd(tp)(dmen),] (14)
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[Cu(tp)>(tmeda)]-2H,O0 (16) and [Cu(tp):(tmeda)(H;0)]-0.5H,0 (17)

As can be seen in Figure 9, the complexes are best described containing the Cu" ion in a

distorted square-pyramidal environment.

Figure 9. View of the coordination environment in compounds

[Cu(tp)(tmeda)]-2H,O (16) (left) and [Cu(tp)(tmeda)(H,0)]-0.5H,0 (17) (right)

The Addison parameter (t) [18], expressed as (f—a)/60, where 3 and a correspond to the
highest two angles and the t values of square-based-pyramidal and trigonal-bipyramidal
extremes are 0 and 1, respectively, can be used to describe the coordination geometry of
complex. In the case of complex 17, the N7-Cul-N12 and N7°—Cul-N11 angles are 170.10(5)°
and 169.2(4)°, respectively, leading to a t value of 0.015. Thus, this value unequivocally
confirms a square-pyramidal geometry of Cu" in 17.

Figure 10 shows the formation of one-dimensional zigzag chains in complex 16,
interconnected by Olw—H11w---N9” and O2w—H21w---N9 interactions, the pairs of chains lead

to a three-dimensional supramolecular scaffold.

Figure 10. Extended hydrogen bond network formed with the involvement

of the uncoordinated water molecules and theophylline moieties in compound 16.
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In compound 17 two [Cu(tp)(tmeda)(H,O)] units are connected via their oxygen atoms
of C2°-02’ carbonyl groups of two theophylline moieties through the Olw water molecule,
which acts as a bridge (see Figure 11). Thus, dimeric {tmeda(Cu)(tp),:--H,O---Cu(tp),(tmeda)}

units are formed.

Figure 11. Dimeric unit formed via hydrogen bonds in compound 17

Crystal packing of [Cu(tp).(dphen)(H,0)]-5H,0 (18) consists of an extended network of
hydrogen bonds, as illustrated in Figure 12.

Figure 12. Extended hydrogen bonding interactions between two Cu(dphen) units in 18,

realized through {H,0}s rings and oxygen atoms of C2a(02a) carbonyl groups

Excepting the relatively moderate N11-H11a---O2a bond, with an N---O interatomic

distance of ca. 3.15 A and an angle of 156.6°, all other hydrogen bonds involving the water
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molecules surrounding the complex are relatively strong, with distances of 2.66-2.99 A between
heteroatoms and angles of 160—177°. Weak and strong hydrogen bonding interactions determine
a highly dimensional supramolecular structure. In addition, stacking interactions between

theophylline moieties of adjacent molecules are present, with da_g of ca. 3.4 A.

Coordination compounds with aliphatic triamines

Reactions of aqueous solutions of Zn" and Cd" acetates with aqueous theophylline—dien
mixtures (molar ratio tp:dien = 2:1) lead to isostructural [M(tp)(dien)]-2H,O complexes, with
the coordination geometry around the metal ions is between square-pyramidal and trigonal-

bipyramidal extremes.

M(OAc), + 2 tpH + dien 2H—20> [M(tp),(dien)]-2H,0O + 2AcOH
M =Zn or Cd
The coordination geometry of the five-coordinated Zn" and Cd" ions in compounds
[Zn(tp)2(dien)]-2H,0 (20) and [Cd(tp).(dien)]-2H,0O (21), based on the Addison parameter (1),
can be described as an intermediate between square pyramidal and trigonal bipyramidal (t =
0.483 for 20 and 0.487 for 21), implying approximately 50% contributions of the two extremes.
Figure 13 illustrates the formation of supramolecular associations in 20 involving the O21w

and O22w water molecules.

Figure 13. Supramolecular chains involving the O21w water of crystallization in 20
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Coordination compounds with heterocyclic amines

Synthesis and characterization of mixed-ligand theophylline complexes, containing 2,2’-
bipyridine (bpy) or o-phenanthroline (phen) was undertaken. The solid-state structure of
[Zn(tp)2(bpy)] (22) shows that the Zn" ions are coordinated by two anionic theophylline units
and one chelating 2,2’-bipyridine ligand, displaying a tetrahedral ZnN, tetrahedral geometry.
The bpy ligand is not exactly planar, showing a notable torsional angle (twist angle) between the
two six-membered pyridine rings, of 8.2°. Bite angle of bpy ligand (Zn10-zn-N10°) 1S in
agreement with values found for similar Zn-bpy complexes. The crystal packing is dominated
by weak or moderate interactions of type C—O---H, C—H---O and C-H-:-N formed between
adjacent mononuclear units. Stacking interactions can be observed in the crystal packing: the
neighboring [Zn(tp).(bpy)] molecules are oriented as such that their theophylline moieties are
oriented parallel to each other, along the c axis (see Figure 14), with an interplanar distance of
3.48 A. Thus, intermolecular n—n stacking interactions assemble the complex molecules into

NN

Figure 14. Crystal packing of 22 viewed along a axis

[Cd2(p-0x)(OH),(tp)2(bpy)2]-2H,0 (23) and [Cd,(p-0x)(OH):(tp)2(phen);] (24)

Compounds [Cdy(p-0x)(OH).(tp)2(bpy)2]-2H20 (23) and [Cdy(pn-0x)(OH)a(tp)2 (phen),]
(24) were obtained under hydrothermal conditions, with an interesting in sifu formation of
oxalate from acetate. In some cases, conversion of different ligands into oxalate (e.g. acetate

[19] or pyrazine-2,3,5-tricarboxylic acid [20]) under hydrothermal conditions was observed. The
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two [Cd(tp)(bpy)(H,0)] and [Cd(tp)(phen)(H,O)] units bridged by a bisbidentate oxalate ion are

oriented in an anti position.

Figure 15. View of structure of 23 (left) and 24 (right)

Packing of 23 is stabilized by a tridimensional hydrogen bond network, achieved by the
envolvement of N9 donor sites of theophylline, coordinated water molecules, lattice water

molecules.

Figure 16. Crystal packing of 23, viewed along a axis
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Similarly with the [Zn(tp)2(bpy)] (22) complex, in which the bpy ligands are not planar,
in [Cdy(p-0x)(OH),(tp)2(phen);] (24) the dihedral angle between the least-square planes defined
by the two CsN rings of phen ligands is about 6.4°. Its crystal packing is mainly stabilized by a
tridimensional hydrogen bonding network. Figure 17 illustrates a part of this network, showing
a bidimensional supramolecular motif viewed along b axis, realized through the coordinated
water molecules acting as bridges between N9 and O6 acceptor sites of theophylline ligands of

adjacent molecules.

Figure 17. Twodimensional hydrogen bond network packing of 24, viewed along b axis
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Conclusions

This study presents the synthesis, characterization of new mixed-ligand coordination
compounds of Cu", Zn", and Cd" with theophylline and aliphatic and heterocyclic amines and
aminoalkohols. For some compounds, theoretical study using DFT methods has been carried out
using their solid-state structures as starting points for optimizations.

The theophylline ligands are deprotonated at the N7 most acidic site, by the basic
co-ligands, leading to N7—coordinated theophyllinato complexes. The crystal packing of
structurally characterized compounds reveal that the structures are stabilized by the presence of
O—H:--O, O—H--*N and/or N—H---O hydrogen bonds involving the theophylline and amine
ligands and uncoordinated water molecules (where present). Frequently, stacking interactions
occur between adjacent theophylline ligands of neighboring molecules.

In the case of one pot hydrothermal synthesis of mixed-ligand complexes containing
heterocyclic amines as co-ligands, two novel dinuclear theophylline complexes of Cd"
containing oxalate bridge formed in situ under hydrothermal conditions were obtained and
structurally characterized.

Attempts on obtaining ternary Cd-theophylline-benzylamine systems, even under
hydrothermal conditions (with stoichiometric Cd":tp:ba ratio) failed; instead, [Cd(tp)2(H,0)4]
compound was formed. As a perspective, by changing the reaction conditions, like increasing
the amount of benzylamine, formation of mixed-ligand ba-tp complexes (like of type
[Cd(tp)2(ba)2(H,0),]) might be feasible.

Theoretical investigations at B3LYP/LANL2DZ or CRENBL level of the theory were
proved to be efficient in optimizing structural geometries of these systems.

Some results on compounds presented in the present thesis were published in the last
years; however, there are many experimental results (as in the case of several, structurally and

spectroscopically characterized compounds) which are still not published.
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List of synthesised compounds

1 9-MeA

2 [PtCl3(9-MeAH-N7)]

3 [Pt(NH3)3(9-MeA-N7)|Cl,

4 [Pt(NH3)3(9-MeA-N7)]|(ClOy),

S [Pt(NH3)3(9-MeA)|(NO3),

6 trans-|Pt(NH3),Cl]

7 trans-[(NH3),Pt[(NI1-9-MeA-N7)Pt(NH3)3]2](Cl04)¢: 2H,0
8 trans-|(NH3),Pt[(N1-9-MeA™-N6,N7)Pt(NH3)3].{Hg(H20):} 1 (C104)6
9 trans- [(NH3)2Pt [(N]-9-MeA_-N6,N7)Pt(NH3)3] 2 {Cll(HzO)z} ] (C104)6
10 [Zn(tp)2(ba),]-:2H,0

11 [Cd(tp)2(ba)2(H20)]

12 [Cd(tp)z(HzO)d

13 [Cu(tp)2(dmen)(H,0)]-H,O

14 [Cd(tp):(dmen),]

15 [Zn(tp):(dmen)]-H,O

16 [Cu(tp)2(tmeda)]-2H,0

17 [Cu(tp)2(tmeda)(H,0)]-0.5H,0

18 [Cu(tp)2(dphen)(H,0)]-5H,O

19 [Zn(tp):(dphen)]-1.5H,0

20 [Zn(tp):(dien)]-2H,O

21 [Cd(tp)2(dien)]-2H,0

22 [Zn(tp)2(bpy)]

23 [Cd2(p-0x)(OH):(tp)2(bpy):]-2H,0

24 [Cd2(p-0x)(OH)2(tp)2(phen);]

25 [Zn(tp)2(ea):]-H,O

26 [Zn(tp)2(pa):]-H,O
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